Abstract Emerging evidence suggests that epigenetic alterations to the genome, including DNA methylation, histone modifications, and microRNA synthesis are important mechanisms underlying several physiological and pathological processes in brain. In this review, we introduce the reader to epigenetic mechanisms and describe a potential role for dynamic epigenetic changes in memory formation, aging, and mediating addictive behaviors via long-lasting changes in gene expression. We also discuss evidence for a "histone code" in the central nervous system that mediates synaptic plasticity, learning, and memory. Collectively, the current rapid growth in epigenetic research could potentially revolutionize our understanding of the molecular changes associated with several neuropsychiatric diseases. Moreover, these studies demonstrate that alteration of the histone modification and/or the DNA methylation might prove to be potent candidates for therapeutic interventions.
Introduction
The sequence of nucleotides comprising an individual's genome is identical, with the exception of a few rare somatic mutations, across all cells in the body. However, DNA is structurally much more complex than a string of nucleotides, and at a functional level the genome is anything but static. While every cell in our bodies contains the same DNA sequence, each has its own unique phenotype characterized by a specific pattern of gene expression that is in a constant state of flux. In the context of determining the phenotype of a cell, of additional importance is the degree to which specific genes are functionally active at any particular time in development. Therefore, sequencing the genome was only the first step in our quest to understand how genes are expressed and regulated. Accumulating evidence indicates that above the DNA sequence is a second layer of information-the epigenome-that regulates several genomic functions, including when and where genes are turned on or off. Historically, Conrad Hal Waddington coined the term epigenetics (literally meaning "above genetics") in 1942 to describe the examination of causal mechanisms whereby the genes of the genotype bring about phenotypic effects [1, 2] . At the present time, epigenetics is defined as any heritable changes that affect gene expression without altering the DNA sequence itself [3, 4] . Epigenetic processes are essential for normal cellular development and differentiation, and allow the long-term regulation of gene function through non-mutagenic mechanisms. Increasing reports suggest that alterations of epigenetic mechanisms affect the vast majority of nuclear processes (including gene transcription and silencing), DNA replication and repair, cell cycle, telomere and centromere function and structure [5] . During the last decade, the field of epigenetics has rapidly developed into one of the most influential areas of scientific research and has become an important topic in several neurobiology fields such as learning and memory, psychiatric and neurological disorders.
The aim of this review is to introduce the potential role that epigenetic mechanisms play in physiological processes, such as memory formation and aging, and in the pathogenesis of complex diseases, such as drug addiction, mediating addictive behaviors by triggering long-lasting changes in gene expression in response to addictive substances.
Epigenetics Processes

Chromatin Structure
Epigenetics is used to refer to the extremely complex processes of organizing the genome in a manner that allows for regulated gene expression in the appropriate cell type upon appropriate cellular stimuli. The fundamental unit that accomplishes this feat on a molecular level is chromatin, which is a complex of DNA, histones and non-histone proteins in the cell nucleus. The basic repeating structural unit of chromatin is a nucleosome (Fig. 1) , which consists of~147 base pairs (bp) of DNA wrapped around a core nucleosome [6•] . Nucleosomes are composed of octamers that contain four histone homodimers, one each of histones H2A, H2B, H3 and H4, with H1 binding to spans of non-nucleosomal DNA. The histone-DNA configuration is maintained by electrostatic bonds between positively charged histones and negatively charged DNA [7] . This highly condensed histone proteins-DNA complex structure means that control over gene expression occurs partly by gating access of transcriptional activators to DNA [8, 9] . Numerous types of posttranslational modifications of the amino-terminal tails of histones alter chromatin compaction to create more "open" states (euchromatin, which is transcriptionally permissive) versus "closed" states (heterochromatin, which is transcriptionally repressive) [10] .
Histone Modifications
Each histone protein is composed of a central globular domain and an N-terminal tail that contains multiple sites for posttranslational modifications, including acetylation, phosphorylation, methylation, ubiquitination, and ADPribosylation. Most histone modifications are dynamic [11] [12] [13] and are regulated by a large number of histonemodifying enzymes like acetyltransferases, deacetylases, methyltransferases, demethylases, kinases, etc. [14] .
The enzymes that regulate levels of histone acetylation are histone acetyltransferases (HAT's). The primary function of HAT's is to neutralize the charges on histones to relax chromatin structure, allowing for greater access to the DNA by transcription factors and therefore increase transcription [15, 16] . On ther other hand, histone deacetylases (HDAC's) deacetylate histone tails and histone deacetylation have been linked to transcriptional repression [17] [18] [19] . Both HAT's and HDAC's comprise multiple enzyme classes whose expression and activity are exquisitely regulated [20] . The balance between the opposing activities of HAT's and HDAC's determines the level of expression of genes.
Another group of important enzymes are histone methyltransferases (HMT's), which are methylated at lysine or arginine residues and removed by histone demethylases (HDM's) [21] [22] [23] . Interestingly, a number of histone sites can undergo dimethylation or even tri-methylation [24, 25] . Histone methylation has been associated with both transcriptional activation and repression, depending on the particular residue and the extent of methylation [26, 27] .
Phosphorylation of serine or threonine residues on histone tails can be accomplished by a broad range of nuclear kinases such has mitogen-and stress-activated protein kinase (MSK-1) and can be dephosphorylated by protein phosphatases (like protein phosphatase 1, PP1) [28, 29] . The exact mechanism through which phosphorylation contributes to transcriptional activation is not well understood, but it is hypothesized that the addition of negatively charged phosphate groups to histone tails neutralizes the basic charge of histone tails and reduces their affinity for DNA [30] .
Histone Code
Histone modifications are capable of being both genespecific within the genome and site-specific within a given chromatin particle, meaning that they are in an ideal position to selectively influence gene expression. While the genespecific modifications change transcription of specific genes, then site-specific modifications are known to directly alter chromatin state and transcription through a number of mechanisms. For example, histone acetylation, phosphorylation, and ubiquitination are generally associated with Fig. 1 DNA is wrapped around a cluster of histone proteins to form nucleosomes. The two main epigenetic modifications are associated with transcription. In histone modifications, a combination of different molecules can attach to the tails of histones, which consequently change the state of the chromatin around the DNA. When the chromatin becomes opened, the transcription of associated genes is activated and opposite when chromatin becomes closed. In DNA methylation, methyl marks added in CpG islands generally repress gene transcription (adapted from [88]) transcriptional activation, whereas histone methylation and other modifications (sumoylation, deimination, and proline isomerization) are more closely correlated with transcriptional repression [31, 32] . Given that histone proteins can be modified at a number of sites raises the possibility that specific modifications could work together as a "code," which dictates whether a specific gene was transcribed. This "histone code" hypothesis suggests that certain combinations of histone modifications will lead to transcriptional activation, whereas others would lead to transcriptional repression [6•, 18, 33, 34 ].
Yet another means by which specific histone modifications could combine to produce a unique epigenetic signature is via the inherent kinetics underlying each reaction [35] . Histone acetylation and phosphorylation are likely reversed very rapidly, whereas histone methylation may persist for longer periods of time. This would allow these mechanisms to synergistically control gene expression across unique time courses despite having no direct interactions.
DNA Methylation
DNA methylation is the second important epigenetic mechanism. The methylation of one of the four DNA bases, cytosine, is the most stable epigenetic modification, regulating the transcriptional plasticity of mammalian genomes. In DNA methylation, the methyl group is added to the 5' position on the cytosine pyrimidine ring and this occurs primarily where a cytosine (C) occurs next to guanine (G) in the DNA sequence (C-phosphate link-G, or cytosineguanine dinucleotides, CpG) [36, 37] . The CpG sequences are not evenly dispersed throughout the genome, but are clustered in so-called CpG islands-short regions of 0.5 to 4 kb in length having a rich (60-70 %) cytosine-guanine content. Over 50-60 % of all dinucleotides in these islands are CpG, compared to the rest of the genome where the CpG content is≤20 % [38] . About 50 % of CpG islands are located in the promoter regions and around the transcription start sites and are unmethylated in normal cells. Proper DNA methylation is required for normal development, genetic imprinting and X-chromosomal inactivation [39] .
DNA methylation is generally considered to repress gene transcription through recruitment of corepressor complexes (for example, HDAC's and HMT's) that can sterically hinder the transcriptional machinery or modify nucleosome structure. Such complexes involve several DNA methylbinding domain proteins, which are required for normal cell growth and development [39] [40] [41] . There is also evidence of DNA methylation in which gene transcription can have an activating role [42, 43••] .
Cytosine methylation is catalysed by a family of enzymes termed DNA methyltransferases (DNMT's). In mammalian genomes, DNMT's are the only enzymes that have been shown to mediate the transfer of the methyl group from Sadenosylmethionine to cytosine [44] [45] [46] . There are two main enzyme groups: the DNMT1 and DNMT3 families. DNMT1 recognizes hemimethylated DNA, attaches a methyl group to the complementary cytosine base and is essential for maintaining DNA methylation patterns in proliferating cells [46] [47] [48] . The DNMT3 family includes two active de novo DNA methyltransferases-DNMT3A and DNMT3B-and they are necessary for establishing new DNA methylation patterns [46, 47] . Currently, there is no consensus about DNA demethylases in mammalian cells, although several potential canditates have been proposed [49] [50] [51] .
Non-coding RNA
Another level of epigenetic regulation by small non-coding RNAs (termed microRNAs) has been discovered [52] . MicroRNAs, which are generally around 22 bp long, are important in biological regulation and are found in all mammalian cells [53] . MicroRNAs are posttranslational regulators that bind to complementary sequences on target mRNAs and regulate gene expression at different levels, i.e., the silencing of chromatin (affecting histone modifications), degradation of mRNA and blocking translation [53] [54] [55] . Thus, like histone modifications and DNA methylation, microRNAs can also be considered important players in the epigenetic control of gene expression.
Epigenetic Mechanisms in Memory Formation
Accumulating evidence suggests that epigenetic mechanisms, like histone modifications and DNA methylation, play an essential role in transcriptional regulation, synaptic plasticity and memory formation [16, 56] . For example, a contextual fear conditioning (a hippocampus-dependent form of memory) coincides with increased acetylation, methylation, and/or phosphorylation at multiple sites of histone H3 and H4 tails in the rodent hippocampus CA1 region [57, 58•] . None of these changes occur in control animals (exposed to the same context without fear conditioning), therefore these data indicate that such modifications are specific to associative learning.
In addition, several studies have demonstrated that interference with the molecular machinery that regulates histone modifications (acetylation, phosphorylation, methylation) disrupts associative learning and long-term potentiation (LTP). Specifically, histone acetylation upregulation with sodium butyrate (known as HDAC inhibitor) enhances memory formation and LTP [59] . Korzus and colleagues reported that genetic disruption of HAT activity impairs hippocampal memory and these deficits are rescued by HDAC inhibitor trichostatin A (TSA) [60] . Likewise, local administration of HDAC inhibitor TSA into the mouse hippocampus improves spatial long-term memory [61] . Recently, it has been shown that mice with deletion of HDAC2 demonstrated increased fear conditioning and hippocampal LTP, while HDAC2 overexpression in the mouse hippocampus blunts LTP and impairs memory [62••] . Furthermore, it has been found that HDAC2 was enriched at several gene promoters like Bdnf, Fos, Creb and Zif268, and may inhibit the expression of these memory associated genes by binding to their regulatory elements [63] . Similarly for histone acetylation, mice with genetic deletion of specific histone methyltransferase displayed deficits in contextual fear conditioning, suggesting that histone methylation is required for proper long-term consolidation of contextual fear memories [58•] . Taken together, these data suggest that multiple histone modifications work together as a "histone code," and in the context of learning and memory this code produces unique changes in gene expression required for memory formation.
Mounting evidence indicates that changes in DNA methylation also represent a critical molecular component of both the formation and maintenance of long-term memories [63, 64, 65••, 66] . It has been found that contextual fear conditioning consequently increases and decreases DNA methylation of memory-related genes expressed in the hippocampus and these changes are necessary for memory formation. For example, contextual fear conditioning leads to an increase in the expression of DNMT3A and DNMT3B mRNA in the rat hippocampal area CA1, and inhibition of DNMT's within the hippocampus, which produces a hypomethylated state in naïve animals, resulting in impaired expression of contextual fear memories [64, 66] . In addition, the fear conditioning caused rapid but reversible methylation of the memory suppressor PP1 and demethylation of the reelin (a gene involved in synaptic plasticity and memory). Increased PP1 methylation was associated with PP1 transcriptional silencing and reelin demethylation was associated with transcriptional activation. Changes in PP1 methylation and reelin demethylation returned to baseline levels 24 h after conditioning, suggesting dynamic regulation of both DNA methylation and demethylation in the rat hippocampus. Likewise, DNMT inhibitors impair the induction of LTP at hippocampal synapses, providing an important cellular correlate of learning deficits induced by blocking DNA methylation [67] . Interestingly, DNMT inhibition in the prefrontal cortex impairs the recall of existing memories, but not the formation of new memories, indicating circuit-specific roles for DNA methylation in memory formation and maintenance [65••] . These data suggest that during memory formation, several plasticity permissive genes undergo decreased methylation and increased expression, and DNMT inhibitors were found to impair memory formation.
Epigenetics and Aging
Aging has been defined as a process of cellular senescence of adult tissues that results in compromised stress response, greater homeostatic imbalance and elevated risk of diseases [68] . Individual cells, which are genetically identical, can have substantially different responses to outside stimuli and markedly different lifespans, indicating that epigenetic factors, like DNA methylation, histone modifications and microRNAs, play an important role in gene expression and aging along with genetic factors [63, 69, 70•] .
The relationship between aging and epigenetics was reported nearly half a century ago, describing a global reduction of genomic DNA methylation with age [71] . Later, a global loss of cytosine methylation during aging was shown in the rat brain and heart [72] . Fuke and colleagues found an age-dependent decrease in global methylation levels in human leukocytes [73] . Several reports showed that global DNA hypomethylation appears to be an important feature of aging cells and tissues and is observed in many different age-related diseases, such as cancer, atherosclerosis, Alzheimer's and other neurodegenerative and autoimmune diseases [74, 75] . Distinct from the global decrease in DNA methylation, methylation levels can be either increased or decreased depending on the specific gene. For example, c-fos is methylated during aging in the liver, but not in the brain or spleen [76] , suggesting that DNA hypermethylation is also important in aging. Therefore, two specific alterations of DNA methylation occur during aging: global DNA hypomethylation and aberrant promoter hypermethylation. It has been hypothesized that the accumulation of epigenetic alterations during aging may alter the risk of complex diseases, especially contributing to malignant transformation [77] .
Other epigenetic mechanisms, like histone modifications, are also known to change during aging. For example, recent findings demonstrated that memory disturbances in the aging brain of the mouse were associated with the lack of a specific histone, H4 lysine 12 acetylation, which can be rescued by treatment with an HDAC inhibitor to restore memory function [78•] . Another example comes from silent information regulator 2 (Sir2, from the sirtuin family), which has HDAC activity and is associated with aging and energy-related processes. Sirtuins are a family of nicotinamide adenine dinucleotide-dependent HDACs, that are involved in a range of cellular events, including chromatin remodelling, transcriptional silencing, mitosis and the control of lifespan [79] . Sir2 was initially described in yeast, in which its deletion shortened replicative lifespan, whereas an extra copy of the gene increased lifespan, suggesting that the Sir2 family has an important role in aging. In mammals, the Sirtuin family has seven members (SIRT1-7), which are able to remove the acetyl group not only from histones but also from a varied range of substrates, and that are involved in the regulation of gene expression, stress responses, DNA repair, apoptosis, cell cycle, genomic stability and insulin regulation [80] . Mammalian SIRT1 (which features a deacetylase activity similar to that observed in yeast Sir2) can act on key transcription factors, such as tumor protein p53, forkhead transcriptional factors, p300 histone acetyltransferase, the tumor protein p73 and others, therefore they may modulate age-related diseases (cancer, metabolic, cardiovascular, neurodegenerative diseases) and various biological processes like cell survival under stress and cellular senescence [77] .
There is evidence that microRNAs might also contribute to aging. The first evidence about microRNAs as epigenetic regulators of aging came from studies in Caenorhabditis elegants, where the microRNA lin-4 extended lifespan in the worm [81] . By contrast, other microRNAs like let-7 and miR-1 modulate the age-related decline. The microRNAs expression array in the livers of mice aged between four and 33-months-old showed that during aging there are more upregulated than downregulated microRNAs [81] . The list of microRNAs associated with mammalian aging is rapidly increasing. The data indicate that microRNAs represent an unexplored and promising field of aging epigenetics and further studies are need to clarify the molecular mechanisms that characterize the aging process.
Epigenetic Mechanisms in Drug Addiction
Drug and alcohol dependence are common, debilitating psychiatric disorders that are associated with high morbidity and mortality rates [82] . One common mechanism of recreational drugs is thought to be activation of the brain's reward circuitry, which centers on dopaminergic neurons in the ventral tegmental area of the midbrain and their projections to the limbic system-in particular, the nucleus accumbens (NAc, also known as the ventral striatum), dorsal striatum, amygdala, hippocampus and regions of the prefrontal cortex [83] . These changes occur alongside equally long-lasting changes in expression of genes such as ΔFosB, Bdnf, and Creb in the striatum [84•, 85] . Therefore, drug-induced neuronal plasticity mediated via alterations in gene expression has long been viewed as a major molecular mechanism for the development of drug addiction and relapse [86, 87] .
Like other common complex diseases, addiction is a multifactorial and polygenic disorder that does not conform to a simple Mendelian transmission pattern [82] . Individuals are differentially vulnerable to substance abuse; not everyone who uses an addictive substance becomes addicted, only a subset of users experience the loss of control over drug use and compulsion for drug seeking and taking that defines the addicted state. Extensive epidemiological studies show that roughly half of an individual's risk for drug addiction is genetic, but the specific genes that confer risk for drug addiction remain largely unknown [82, 83, 87] . Entrance into an addicted state clearly results from the interplay between inherited predisposition (e.g. via genetic variants mediating the personality traits associated with drug seeking behavior and dependence) and the environment (e.g. actual exposure to drugs of abuse) [82, 87, 88] . For example, an approximately fivefold increase in genetic influence on alcohol consumption is observed in urban environments where there are a greater number of youths and higher alcohol sales compared to rural settings [89] . The addictive phenotype can persist for the length of an individual's life with drug craving and relapse occurring after weeks, months or even years of abstinence, and this persistence suggests that drugs induce long-lasting changes in the brain that underlie addictive behaviors [83, 87] . Thus, understanding the mechanisms that predispose individuals to the environmental factors associated with drug-taking behavior and the systems that translate the response to environmental stimuli (e.g. drug exposure) into longlasting cellular memories in the brain are fundamental to unlocking the neurobiological changes believed to play a role in addiction.
Multiple drugs of abuse (e.g. cocaine, amphetamine, ethanol) induce changes in histone modifications in the brain, and evidence has begun to accumulate that these modifications underlie some of the functional abnormalities found in addiction models [84•, 90, 91] . For example, at global levels of histone, H3 and H4 acetylation are increased in the rodent NAc after acute or chronic exposure to cocaine [84•] . However, at gene level, acute cocaine treatment has demonstrated a relation with histone H4 hyperacetylation at the promoters of the immediate early genes like c-Fos and FosB, while repeated cocaine treatment was associated with histone H3 hyperacetylation at the promoters of Cdk5 and Bdnf. Further experiments have demonstrated that modifications of HDAC activity are important regulators of the rewarding properties of cocaine. Short-term systemic or intra-NAc administration of nonspecific HDAC inhibitors prior to cocaine or morphine exposure enhances behavioral preferences for places associated with drug delivery (socalled conditioned place preference) [84•, 92] . Studies of specific HDAC isoforms have yielded interesting information: overexpression of HDAC4 or HDAC5 decreases behavioral responses to cocaine [84•, 93 •], whereas genetic deletion of HDAC5 hypersensitizes mice to the chronic effects (but not to the acute effects) of the drug [93•] .
Histone phosphorylation is also an important component of the epigenetic response to drugs of abuse. Brami-Cherrier and colleagues reported that cocaine induces a robust phosphorylation of histone H3 within the NAc at the promoters of c-Fos and c-Jun [28] and H3 phosphorylation is positively regulated by MAPK/extracellular-signal regulated kinase (ERK) cascade, including phosphorylation of ERK and MSK-1-induced phosphorylation of histone H3 [94] . Nuclear accumulation of 32 kDa dopamine and cAMP-regulated phosphoprotein (DARPP-32) acts to inhibit PP1, thereby preventing histone dephosphorylation [95] . These pathways control behavioral responses to cocaine through the inhibition of dopamine D1 receptors, ERK, DARPP-32 and MSK-1, all of which diminish drug-induced locomotor responses or drug conditioned place preference [28, 95] . Thus, these data confirm that changes in histone modifications may influence the transcription of genes involved in mediating cocaine-induced behavior.
Although the majority of studies have focused on histone modifications, DNA methylation is also a critical component of the epigenetic response to drug-related behaviors. Several recent studies have provided crucial evidence for the role of DNA methylation in cocaine-induced neuronal plasticity in the NAc and hippocampus [96, 97••] . Reports demonstrated that acute cocaine treatment induces rapid changes in the expression of DNMT3A and DNMT3B genes in the NAc, suggesting dynamic control of DNA methylation by drugs of abuse. Cocaine treatment also resulted in increased methylation of PP1 promoter region and binding of methyl CpG binding protein 2 (MeCP2) at promoter [96] . These changes are associated with transcriptional downregulation of PP1c in NAc. In contrast, acute and repeated cocaine administrations induced hypomethylation and decreased binding of MeCP2 at the FosB promoter, and these are associated with transcriptional upregulation of FosB in NAc [96] . Im and colleagues investigated a possible role of MeCP2 in the dorsal striatum in the escalating cocaine intake seen in rats with extended access to the drug, and found that MeCP2 knockdown prevents escalation of cocaine self-administration during extended access [98••] . Importantly, NAc-specific manipulations that block DNA methylation were shown to potentiate cocaine reward, whereas NAc-specific DNMT3A overexpression attenuated cocaine reward [97••] . Recent reports indicate that epigenetic changes in brain regions outside of the striatum are also important regulators of drug memories. For example, it has been shown that DNA methylation within the hippocampus and prelimbic cortex is necessary for the establishment and maintenance of cocaine conditioned place preference [99] . Taken together, these studies provide evidence that epigenetic modifications, including both DNA methylation and histone modifications, play an essential regulatory role in drug-induced synaptic plasticity and long-term behavioral adaptation in the nervous system. Evidence from these studies not only demonstrate the imperative role of epigenetic modifications in regulating behavioral responses to drug exposure, but also shed light on the complex mechanism of drug addiction. However, it is worth noting that only a few epigenetic studies on addiction have been performed in humans. Further studies are needed to shed light on the possible role of epigenetic mechanisms in individual's vulnerability to substance abuse.
Conclusions
In this paper, we have introduced the importance of epigenetic processes in regulating gene expression and described the role that dynamic epigenetic changes may play in memory mechanisms, aging, and complex diseases such as drug abuse via long-lasting transcriptional changes following repeated drug exposure. Accumulating evidence suggests that epigenetic processes may be the underlying mechanisms via the environmental factor, altering gene expression and therefore changing the risk of the complex diseases. Because epigenetic mechanisms are dynamic and reversible, chemical agents that alter the modification of histones or the methylation of DNA might prove to be potent candidates for therapeutic interventions. Moreover, the identification of specific epigenetic patterns associated with specific disease phenotypes might be useful biomarkers for early disease diagnosis and preventive intervention.
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